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Abstract 
 
Geological storage of carbon dioxide in coalbeds can be a promising option for the mitigation of carbon dioxide as greenhouse 
gases being released from the coal fired power plants. Gas is stored in coal in adsorbed state in the macromolecular porous 
matrix network. Coal is very heterogeneous material and with the characteristics strongly dependent on its rank and 
composition and hence are the adsorption characteristics. The current work investigates the influence of rank on the adsorption 
characteristics and hence the CO2 storage capacity of coal.  
      As part of the current work, laboratory tests were carried out on seven coals of different rank from sub-bituminous to 
anthracite. The results of high pressure gas adsorption and matrix deformation experimental studies on coals undergoing 
carbon dioxide over a range of pressures (from 0 to 3.5 Mpa) are presented and discussed. Adsorption measurements were 
carried out for CO2 injection in powdered coals at constant temperature of 40 
0
C and 0 to 3.5 MPa of pore pressure.The gas 
adsorption in coal from measured adsorption isotherms were estimated between 5.6m
3
/tonne for medium volatile bituminous 
to 26.9m
3
/tonne for anthracite. Swelling experimental study has been made using carbon dioxide on dry solid coal samples at 
same temperature and pressures. The results of swelling coefficients were estimated in a range of 0.5 kg/m
3
 for sub-bituminous 
A to 2.3 kg/m
3
 for low volatile bituminous. Carbon dioxide swelling coefficients results showed a positive correlation with the 
coal rank. The results were related to coal rank and gas storage capacity and matrix swelling characteristics of each sample 
tested. Low volatile bituminous A showed highest swelling coefficient results at 2.3 kg/m
3
 and sub-bituminous A was 
observed to have the lowest matrix swelling coefficient of 0.47 kg/m
3
. 
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Abstract 
 
Geological storage of carbon dioxide in coalbeds can be a promising option for the mitigation of carbon dioxide as greenhouse 
gases being released from the coal fired power plants. Gas is stored in coal in adsorbed state in the macromolecular porous 
matrix network. Coal is very heterogeneous material and with the characteristics strongly dependent on its rank and 
composition and hence are the adsorption characteristics. The current work investigates the influence of rank on the adsorption 
characteristics and hence the CO2 storage capacity of coal.  
      As part of the current work, laboratory tests were carried out on seven coals of different rank from sub-bituminous to 
anthracite. The results of high pressure gas adsorption and matrix deformation experimental studies on coals undergoing 
carbon dioxide over a range of pressures (from 0 to 3.5 Mpa) are presented and discussed. Adsorption measurements were 
carried out for CO2 injection in powdered coals at constant temperature of 40 
0
C and 0 to 3.5 MPa of pore pressure.The gas 
adsorption in coal from measured adsorption isotherms were estimated between 5.6m
3
/tonne for medium volatile bituminous 
to 26.9m
3
/tonne for anthracite. Swelling experimental study has been made using carbon dioxide on dry solid coal samples at 
same temperature and pressures. The results of swelling coefficients were estimated in a range of 0.5 kg/m
3
 for sub-bituminous 
A to 2.3 kg/m
3
 for low volatile bituminous. Carbon dioxide swelling coefficients results showed a positive correlation with the 
coal rank. The results were related to coal rank and gas storage capacity and matrix swelling characteristics of each sample 
tested. Low volatile bituminous A showed highest swelling coefficient results at 2.3 kg/m
3
 and sub-bituminous A was 
observed to have the lowest matrix swelling coefficient of 0.47 kg/m
3
. 
 
Introduction 
The importance of alternative energy sources is increasing fast, important research efforts are dedicated to discover new 
options, but fossil fuels will be required to meet energy demands for at least the next 100 years. One of the main sources of 
fossil fuels is coal seams. Coal mining activities have started about 250 years ago, and the major threat to safety in 
underground mines is the presence of methane (CH4) in coal. Since 1850 over 10,000 people have lost their lives because of 
firedamp explosions (Turton, 1981). Thus, almost all early research that was made in this area was mainly concerned about 
safety issues related to the provision of sufficient ventilation, and minor attention was given to the improvement of efficient 
way for extracting methane commercially. In 70s and 80s production of Coalbed Methane (CBM) became a source of natural 
gas production; gas started being recovered from coal in the same way as from other natural gas reservoirs (Ahsan, 2006). As a 
result CBM has gone from being a hazard in coal mining industry to a new source of energy. 
      Due to increasing аtmoѕphеric carbon dioxide (CO2) concеntrаtionѕ the emission of anthropogenic gases is broadly 
considered to have important ecological influences, encompassing probably advancement of climate change (Solomon et al., 
2007). Geological storage of CO2 is actively considered as a means of reducing greenhouse gas emissions into the air (White et 
al., 2005; Bachu, 2008). Large amounts of CO2 can be stored without risk of leakage due to high adsorption capacity of coal. 
Adsorption is the key storage mechanism in coal seams. One of the by-products of the coalification process in coal seams is 
methane (the others are CO2 and water), which is primarily stored as a sorbate on the internal surface area of the microporous 
coal. As a result of injection of CO2 into deep coal seams is a displacement desorption process whereby adsorbed methane is 
displaced by the injected CO2. CO2-ECBM in coalbed reservoirs is generally similar to CO2 enhanced oil recovery. On the 
other hand, coalbeds are uniquely different from the conventional hydrocarbon reservoirs in production as well as gas storage 
mechanisms. Coal is both a source rock and reservoir rock at the same time. In addition to some theoretical research in 
Australia, North America, and Europe a number of field trials, such as the ARC micro-pilot in Alberta and the Allison pilot in 
the San Juan Basin are helping to better understand the reservoir mechanisms that control the retention and flow of CO2 in 
coalbeds. The worldwide capacity of coalbeds can store up to 150 Gt of CO2 (Gale and Freund, 2001; Steven et al., 2001; 
White et al., 2005). It has also been proposed and lately tested that storage of CO2 in coal can displace CH4 and thus, boost 
production of CH4. Thus, storage of CO2 into deep, unminable coal seams is seen as an attractive option for CO2 storage. The 
majority of the gas storage capacity in coal is adsorbed gas in the micro-pores in matrix blocks, where the permeability of coal 
is determined by the presence of cleat or fractures, while mass transport of gas from the matrix to the fracture is controlled by 
diffusion. The permeability assisted by cleat or fracture systems is stress dependent because of low elastic properties of coal. 
Thus, permeability may alter considerably throughout CH4 production or CO2 injection as these processes results in the change 
Imperial College 
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of the pore pressure and, therefore, effective stress. The adsorption of gases results in the swelling of the coal matrix 
(Harpalani and Chen, 1995). Swelling of coal due to adsorption throughout CO2 injection and coal shrinkage due to desorption 
throughout CH4 production can farther cause changes in permeability. Models have been formulated to account for the 
dynamic permeability changes throughout primary coalbed CH4 recovery or enhanced recovery by CO2 injection (e.g., Sawyer 
et al., 1990; Palmer and Mansoori, 1998; Durucan, 2004). Majority of these studies were mostly restricted to CH4 recovery, 
and few considered the enhanced recovery of CH4 by CO2 injection. The relationship between coal properties with gas storage 
capacity and matrix swelling characteristics stay poorly investigated because of need of experimental data. With the intention 
of moving this technology towards wider recognition, especially as a CO2 storage measure, it is important that a sufficient 
number of laboratory experiments are carried out. 
      The objective of this research is to establish a relationship between rank of the coal with gas storage capacity and matrix 
swelling characteristics. This research is expected to provide insight on the effect of CO2 injection on production of methane. 
The results are anticipated to enable the assessment of CO2 storage potential in coalbeds and the prospect of CO2 Enhanced 
Coalbed Methane recovery (ECBM). The objectives of the project are met through laboratory experimental studies on different 
ranks of coal to determine matrix swelling and gas sorption capacity. 
 
Coal Characterisation 
Coal is combustible black or dark brown sedimentary rock. Coal consists mainly from carbon along with variable quantities of 
other elements, mostly sulphur, hydrogen, oxygen and nitrogen. A coal seam is created by the change of dead plant material 
that initially accumulates as peat on the surface. The temperature raises with increasing depth of burial because of peat 
becomes buried beneath younger sediments. Peat is sequentially transformed by the process of “coalification” from “brown 
coals, which include lignite and sub-bituminous coal, to “black coals” or “hard coals” that comprise bituminous coal, semi-
anthracite and anthracite. During the coalification process water and volatile components are lost in the form of carbon dioxide 
and methane. The result of coalification process is an increase in carbon content, from about 65% in peat to more than 85% in 
bituminous coal and 90% in anthracite. The current position of any specific coal in the coalification chain is described as its 
“rank” based on the carbon content and its calorific value. For instance, anthracite has a highest rank while lignite has a low 
rank. 
Different macroscopically identifiable layers in coal seams are described by the term lithotype. Four major coal lithotypes 
which are vitrain, clarain, durain and fusain were proposed by Stopes (1919). The organic macerals on microscopic level 
consist of three groups: vitrinite, liptinite, and inertinite. High concentration of vitrinite and inertinite groups indicates a high 
level of carbon content, which means greater gas content. The liptinite group is opposite, the higher concentration of this group 
indicates to lower level of carbon content. Vitrinite group is used as an indicator of rank due to its optical properties. Thus, 
coal rank is usually expressed in terms of vitrinite reflectance (Ahsan, 2006). 
      Coalbed methane reservoirs are low-pressure, naturally fractured gas reservoirs. The coal seam is both a source rock and a 
reservoir rock. The presence of methane in coal seam as written above is due to coalification process, the result of chemical 
reactions and physical processes. Methane in coal seam can be present in two states adsorbed and free. The majority of the 
adsorbed gas resides as a layer on the internal surface of the coal, and ranges from 20 to 200 m
2
/g (Patching, 1970). Due to 
reservoir pressure the gas adsorbed is held onto the coal matrix. The state of equilibrium between gaseous phase and adsorbed 
phase can describe the volume of gas that can be adsorbed. This can be expressed mathematically by sorption isotherm 
equations. The amount of gas that can be stored in coal seams is also dependant from coal rank, inorganic ash content, 
wetability and moisture content (Ahsan, 2006). Laboratory tests show that the sorption isotherm for CO2 is two times higher 
than for methane. Moreover, at depth higher than 800m, where pressure exceed 7.4 MPa, CO2 changes to supercritical 
condition, which leads to higher adsorption capacity, probably as high as 6:1 (Van Bergen and Pagnier, 2001). 
Seven coal of different rank were tested in the laboratory in order to determine matrix swelling and gas sorption capacity. 
Short description of main coal ranks used in the laboratory experiments: 
1. Anthracite and Semi-anthracite: shiny, hard, black coal mostly used for space heating. 
2. Bituminous coal: dark mineral, black but sometimes may be brown, with well-defined bands of bright and dull 
material, mostly used as fuel in steam-electric power generation. 
3. Sub-bituminous coal: it is the lowest rank of coal used in the laboratory experiments; it is also used as a fuel for 
steam-electric power generation. Moreover, it is a significant source of light aromatic hydrocarbons for the chemical 
synthesis industry. 
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Table 1-Coal characterisation by rank 
Rank Carbon content, (%) Abbreviation 
Anthracite 90.9 A 
Semi-anthracite 89 SA 
Low volatile bituminous A 83.5 LVBA 
Medium volatile bituminous 70 MVB 
Medium volatile bituminous 2 65 MVB2 
High volatile bituminous B 55.1 HVBB 
Sub-bituminous A 49.4 SBA 
 
Experimental procedure 
High pressure matrix swelling and shrinkage tests 
Two types of experimental tests were performed in order to establish a relationship between rank of the coal with gas storage 
capacity and matrix swelling characteristics. Adsorption experimental study has been made using carbon dioxide on dry coals 
at  400𝐶 and pressures up to 3.5MPa through high pressure adsorption measurements on powdered coals. Swelling 
experimental study has been made also using carbon dioxide on dry coals at  400𝐶 and pressures up to 3.5MPa. 
Experimental Procedure: 
First of all the surface of coal samples were carefully prepared, and suitable bonding area was identified in order to paste strain 
gauges. All samples had two strain gauges affixed. One was aligned in the horizontal to the coal bedding plane and the second 
was pasted perpendicular to the bedding plane. Later coal samples were placed inside a high-pressure membrane extractor cell. 
The cell was connected to a data logger. It was sealed and tested for any leakages in order to ensure that the pressure inside 
remains constant. The cell was pressurised with helium in stages up to 3.5 MPa to establish mechanical response of the matrix 
to a non-adsorptive gas. Before increasing the pressure strains had to stabilise. Once maximum pressure was reached, the 
system was depressurized. The process was repeated using pure carbon dioxide. 
 
           
                                               (a)                                                                                                             (b) 
Fig. 1: 10 MPa high pressure membrane extractor cell (a) and strain gauges attached to coal sample (b). 
 
Determination of swelling coefficients 
According to derivation by Seidle and Huitt (1995), the expression relating the amount of matrix swelling to the gas content 
may be written in terms of Langmuir parameters as: 
PP
P
V
L
Lm


…………………………………………………………... (1) 
Where έm is the swelling induced matrix strain, α is the matrix swelling coefficient, and VL and PL are Langmuir volume and 
pressure constants. 
In addition to swelling induced by adsorption, the coal also experiences mechanical deformation due to hydrostatic gas 
pressure loading that is determined through the injection of non adsorbent gas like helium. The strain as a result of this can be 
related to the gas pressure by: 
)( impip PPc 
………………………………………………………... (2) 
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Where έp is the strain at any gas pressure, έpi is the strain at initial conditions, and cm is referred to as the mechanical 
compliance coefficient of the coal, and is a measure of the natural elastic response of the coal matrix to changes in pressure. 
If atmospheric pressure is assumed at initial conditions then Equation (2) reduces to: 
Pcmp 
……………………………………………………………….. (3) 
Since the strains in equation (1) and (3) offset one another, the overall strain measured experimentally is given by: 
Pcmm  exp
……………………………………………………………. (4) 
Combining equations (1) and (4) gives an expression for the swelling coefficient: 
 )/(
exp
PPPV
Pc
LL
m





…………………………………………………………... (5) 
 
CO2 data such as those displayed in Figure 4 were fitted with a linearised form of the Langmuir expression given in Equation 
(1) to yield values of αVL and PL for each coal. The linearisation of the Langmuir isotherm expressed as follows: 
LL
L
mL
L
m
VPV
P
PP
PV



111



………………………………………………. (6) 
The product αVL represents the maximum volumetric strain induced when the coal sample is fully saturated with gas. 
 
 
High pressure adsorption tests on powdered coal 
These measurements were carried out to quantitatively measure the volume of adsorbed gas on coal. The measurement of 
adsorption isotherms is based on the manometric measurement of gas adsorption in coal using Boyle’s law. 
   The manometric apparatus for adsorption measurements (Fig. 2) consists of a sample cell (VS), a reference cell (VR), gas 
supply, vacuum pump and 3 valves. Volume of the reference cell (VR) is 500 cc and sample cell (VS) is 25 cc. Although the 
cells are of standard size, the volume of tubings and associated dead volumes are to be accounted for the accurate 
measurement of the gas adsorbed and hence are to be measured accurately as first step of the experimental process. 
 
                                                       
 
Fig. 2: Manometric apparatus for gas adsorption on coals. 
 
In order to measure accurately the volumes including the cells, pipelines and the void volumes, a calibration routine was 
carried out consisting of systematic measurement of pressure drops between the reference cell and the sample cell. 
The experimental procedure is detailed in the following section. 
Experimental Procedure: 
Measurement of reference volume and sample volume of cells 
a) The sample and the reference cell are evacuated until the pressure transducer reads -14.6 psi (- 1 atmosphere). 
b) The reference cell is pressurised to Pr 
Number of moles of gas in the reference volume can be given as: 
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RT
VP
n rr …………………………………………………................ (7) 
c) The gas in the reference cell is expanded into the sample cell; let the equilibrium pressure be Pe. 
The total number of moles in the system can be given as:
 
RT
VVP
n sre
)( 

………………………………………………..………. 
(8) 
Mole balance can be written as: 
RT
VVP
RT
VP srerr )( 
…………………………………………………… (9) 
this can be simplified as: 
)(1 srerr VVPVP  …………………………………………………….
 (10) 
The sample volume can be expressed as: 
sr
e
r VV
P
P
 )1(
1  ……………………………………………………..
 (11) 
The equation (11) has two unknown variables and in order to solve this, a second equation is needed. To get second equation, 
the free volume of the sample cell is altered through the introduction of glass beads of known mass.  
 
 
 
The mass of empty sample cell (VS) is mc0, mass of glass beads is mcg. The mass of the glass beads can be given as:  
0ccgg mmm   ……………………………………………………. (12) 
The volume of glass beads can be given as: 
g
g
g
m
V  …………………………………….……………………. (13) 
where VG is volume of glass beads, mg is mass of glass beads, and 𝜌g is density of glass beads. With the glass beads in the 
sample cell, the new volume is gs VV  . 
d) Reference cell is pressurised to the same pressure Pr in order to keep number of moles constant. 
Number of moles can be given as: 
RT
VP
n rr
……………………..…………………………………… (14)
 
  
e) The gas is then expanded into sample volume; let the equilibrium pressure be Pe2. Sample volume is gs VV  . 
In this case number of moles can be given as: 
RT
VVV
Pn
gsr
e
)(
2


……………………………………………….. (15)
 
Equalising the number of moles of gas before and after the expansion: 
RT
VVVP
RT
VP gsrerr ))((2 
…………………………………………… 
(16) 
In this case number of moles can be given as: 
))((2 gsrerr VVVPVP   ………………………………………….. (17) 
The volume of the sample cell with the glass beads can be expressed as: 
gsr
e
r VVV
P
P
 )1(
2
 ………………………………………………. (18) 
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The sample volume can be expressed as: 
sr
e
r VV
P
P
 )1(
1
  ………………………………………………... (19) 
The expression can be set equal as: 
gr
e
r
r
e
r VV
P
P
V
P
P
 )1()1(
12
 ……………………………………….. (20) 
The grain volume can be expressed as: 
r
e
r
e
r
g V
P
P
P
P
V )(
21
 ……………………………………………….. (21) 
The expression can be modified as: 
r
ee
ee
rg V
PP
PP
PV )(
21
12  ……………………………………………… (22) 
 
The reference volume can be expressed as: 
r
ee
ee
r
g
V
PP
PP
P
V


 )(
12
21
…………………………………………….. (23) 
 
 
 
Measurement of the void volume for coal 
Using equation (17) the grain volume of coal (Vg) is computed as  
r
e
r
sg V
P
P
VV )1(
2
 ……………………………………………… (24) 
the free volume in the sample cell can then be computed as 
 
gsf VVV  .……………………………………………………… (25) 
 
Measurement of CO2 adsorption on coal 
The experiment consists of two steps: 1) determination of the volume accessible to gas by a helium sorption experiment 2) 
volumetric adsorption experiment with CO2. The set up is evacuated at the experimental temperature for 24 hours before the 
start of the sorption experiment. Determination of the sorption isotherm is the main aim of the experiment. For the sorption 
isotherm, gas is added step-wise to the evacuated sample cell until a pressure reaches 3.5 MPa. Pressure was monitored for 
stablisation and it was observed that the equilibrium pressure stablised after 10 minutes for both CO2 and He experiments. The 
volume accessible to gas in the sample, Vs, in m
3
, is measured from He sorption experiments. The sample weight in kg is 
measured before the experiment. 
The excess amount of CO2 sorbed can be given as: 
M
V
M
V
m
COl
NHes
COe
NCOe
i
COf
i
N
i
irFCOexcess
N
22
222
,
,
,
,,
1
,400,,
)(





 ……………………… (26) 
With 
   HesCOfiirHesCOei VktN
i
C Oe
iHes
VVkt
irHes
N
i
C Oe
i
C Ol
N eVeVV
,
2
2,,
2
22
/
1
1
,
,
)/(
,,
1
,,
11)(





  
 …………… (27)
 
Here 
excess
Nm  in mole/kg is the N
th
 determines excess sorption point. 
e
i  is the gas density after stabilisation of the reference 
and sample cell in step i. 
f
i  is the stable gas density after gas addition to the reference cell for step i. 
l
N  in mole is the 
cumulative gas leaked out of the sample cell at the N
th
 sorption determination. Vr,i is the volume of the reference cell used in 
step i. k in m
3
/s is the leak-rate coefficient. 
e
it  and 
f
it  are the times noted after equilibration and after filling, respectively. 
The first term in Eq. (26) explains the summed difference between the number of moles in the reference cell for the filling and 
equilibrium phases. The number of moles in the free phase in the sample cell is explained in the second term. The first and 
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second terms in Eq. (27) are the cumulative number of moles leaked during the equilibrium phases and filling phases (Van 
Hermert, 2005). 
 
Results and discussions 
Carbon dioxide storage in coal 
Measurement of matrix compressibility of coal 
      Mechanical behaviour of coal is dependent on different factors such as stress, pore pressure and water content. Usually 
uniaxial compression experiments were used in order to accertain the strength of coal. Even though to get a sufficient 
understanding of coal behaviour using this method it is complicated to interpret data from such kind of experiments. 
Bulk modulus is used to describe the constitutive behaviour of coal. It is expressed as the ratio of hydrostatic stress to 
volumetric strain. Assuming that the coal is isotropic, i.e. its strain response is independent of the orientation of the applied 
stress, the bulk modulus is expressed as: 
)1(3 v
E
K


……………………………………………………… (28)
 
 Bulk modulus indicates the sample’s resistance to hydrostatic compression, whereas the reciprocal of this bulk modulus is 
compressibility. Compressibility is given as: 
K
1

…………………………………………………………. (29) 
 
The experiment was made in order to assess the mechanical behaviour of coal, and understand how coal matrix responds to the 
application of stress. The bulk modulus computed from these experiments can be used to compute the actual sorption induced 
swelling strain. As anthracite has one of the highest resistances to hydrostatic compression while sub-bituminous A has one of 
the lowest. High volatile bituminous A1 and high volatile bituminous B have high bulk modulus results i.e. high resistance to 
hydrostatic compression; this is due to low mechanical compliance coefficient. 
 
Table 2-Coal characterisation data 
Coal type Carbon content, % Bulk modulus, β Mechanical compliance coefficient, K 
Anthracite 90.9 -246.13 -0.00406289 
LVBA 83.5 -225.59 -0.00443282 
MVB 70 -155.25 -0.00644122 
HVBA2 63.2 -153.63 -0.00650915 
HVBA1 58.4 -279.54 -0.00357731 
HVBB 55.1 -248.52 -0.00402382 
SBA 49.4 -161.02 -0.00621041 
 
 
 
Fig. 3: Volumetric CO2 matrix shrinkage strain curves versus CO2 sorption pressure 
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Matrix swelling measurement during CO2 injection in coal 
    The results of high pressure matrix deformation experimental studies on coals undergoing carbon dioxide over a range of 
pressures are presented and discussed. According to figure 4, gas adsorption on coals follows a Langmuir type isotherm. 
Anthracite has the highest swelling strain; in comparison it is 3.5 times greater than medium volatile bituminous coal. This is 
due to high carbon content, as anthracite has 90.9% carbon content while medium volatile bituminous coal has only 70%. , 
Low volatile bituminous A has the second highest swelling strain, comparing to high volatile bituminous coals it is 1.5 times 
greater. This is also a result of higher carbon content, in addition low volatile bituminous A has higher porosity. In general 
carbon dioxide matrix swelling strain results showed a positive correlation with the coal rank, with the level of swelling 
increasing with carbon content as shown in figure 4. This is due to properties of coal matrix, which is composed of elastic 
carbonaceous material, where the majority of adsorption occurs. 
           
Fig 4: Linear and volumetric CO2 matrix strain curves versus CO2 sorption pressure 
 
Adsorption isotherms for CO2 storage in different ranks of coal 
High pressure CO2 measurements on powdered coal were carried out under constant temperature of 40 
0
C and pressure range 
of 0 to 3.5 MPa. Solid coal samples were crushed into fine powder and sieved to extract a homogenous powder of size 212 
micron. Prior to the experiment, measured volume of powdered coal was placed in the sample cell and evacuated for 12-18 
hours at constant temperature of 40 
0
C to remove any desorbed gas. 
      Figure 5: CO2 adsorption isotherms were measured on seven different ranks of coals with some samples same as the ones 
reported earlier for matrix swelling measurements. The Langmuir volume estimated from the gas adsorption measurements 
were estimated between 5.6m
3
/tonne to 26.9m
3
/tonne for different coals used in the experimentation. The data shows that 
anthracite has a highest adsorption capacity at 26.9 m
3
/tonne; this is due to its high affinity for CO2 and relatively high 
porosity. The second highest adsorption capacity according to the experimental results was for semi-anthracite at 19.2 
m
3
/tonne; this is also due to high affinity for CO2 as semi-anthracite has 89% of carbon content. Sub-bituminous A has a third 
highest adsorption capacity at 18.4 m
3
/tonne, but it has the lowest carbon content at 49.4%. The micropores in the matrix are 
the main sites for gas adsorption and if the adsorption sites are significantly large then the amount of gas stored would be 
proportional to the microporous volume. The sub bituminous coal samples might have significant micropore volume that could 
have contributed to its high adsorption capacity. Bituminous coals have adsorption capacity between 10.2 m
3
/tonne and 12.2 
m
3
/tonne. This is the result of loss of primary porosity, and low carbon content of these coals, as it varies from 55.1% to 
83.5%. Medium volatile bituminous had lowest adsorption capacity at 5.6 m
3
/tonne, which may be due to low porosity and 
low carbon content at 70 %. It is seen that carbon content and porosity have the major impact on adsorption capacity on 
different coal ranks. 
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Fig. 5: Adsorption isotherms for CO2 storage for seven different coals 
 
Variation of CO2 capacity and swelling strains 
The volumetric gas adsorption capacity of coal can be described in terms of its adsorbed volume. The adsorption of gases in 
coal is described by Langmuir isotherm (Langmuir, 1916) by: 
PP
PV
V
L
L
a


…………………….……………………………………. (32) 
where the volume of gas adsorbed (Va) is related to its pressure (P), VL is monolayer adsorption capacity or Langmuir volume, 
which shows the maximum amount of gas which can be adsorbed and PL is Langmuir pressure. 
The non linear trend between Langmuir volume, which is used as an indicator of the maximum sorption capacity and rank, 
seems to be similar to the relationship between porosity and rank carbon content (Rodrigues and Lemos de Sousa, 2002). The 
sorption capacity has a polynominal trend with increasing rank. This is due to the porosity structure which evolves through the 
coalification. With the increase beyond the level of blockage, micropore system opens due to de-bitumisation. As a result the 
surface area for adsorption fluctuates with the rank in the way similar to pore size distribution. The results are in good 
agreement with the observations of Levine (1996) and Durucan et al, (2008). Isothermal swelling strains can also be described 
by the Langmuir isotherm which can be expressed as expressed in equation 1. 
The Langmuir volume and Langmuir strain are related with swelling coefficient α. This is expressed as: 
L
L
s
V

 
……………………………………………………………. (33) 
Swelling coefficient α varies with carbon content in coal. 
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(a)                                                                                                                 (b) 
Fig. 6: (a) The relationship between  porosity and rank as reported by Rodrigues and Lemos de Sousa, (b) Langmuir strain and rank 
              
                                      
                                               (a)                                                                                                      (b) 
Fig. 7: The relationship between (a) Langmuir volume and rank, (b) CO2 matrix swelling coeficients and rank 
 
 
It was observed from the results of matrix swelling experiments that the swelling coefficients are related to the percentage of 
carbon content in coal. Sub-bituminous A was observed to have the lowest matrix swelling coefficient of 0.47 kg/m
3
 due to its 
stiff elastic modulus, as its adsorption was found to be relatively high in comparison with other coals. High volatile bituminous 
B and medium volatile bituminous showed an increase in matrix swelling coefficients at 0.95 kg/m
3
 and 1.36 kg/m
3
 
respectively. Medium volatile bituminous has a greater swelling coefficient due to lower Langmuir volume. Low volatile 
bituminous A showed highest swelling coefficient results at 2.3 kg/m
3
, this can be result of high primary porosity and elastic 
coefficient. Despite of high carbon content (90.9%) anthracite shows decrease in swelling coefficient at 0.96 kg/m
3
. 
 
Conclusions 
In this research, experiments were carried out in order to establish a relationship between rank of the coal with gas storage 
capacity and matrix swelling characteristics. During this research a number of conclusions can be made. The main results may 
be summarised as follows: 
 The swelling coefficients were estimated in a range of 0.5 kg/m3 to 2.3 kg/m3 for different coal ranks with middle 
rank coals having highest matrix swelling results. 
 CO2 induced matrix swelling strain results showed a positive correlation with the coal rank, with anthracite coal 
having the highest CO2 adsorption capacity. 
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 The results of calculated bulk modulus generally are in a good agreement with coal rank. 
 The Langmuir volume was estimated between 5.6 m3/tonne to 26.9 m3/tonne for different coal ranks with anthracite 
coal having the highest CO2 adsorption capacity due to higher porosity, carbon content which resulted to greater 
affinity to CO2. 
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Nomenclature 
α =  Swelling coefficient 
β =  Bulk modulus 
έm =  Swelling induced matrix strain 
η =  Number of moles of gas 
ρ =  Density, kg/m
3
 
cm =  Mechanical compliance coefficient of the coal 
K =  Mechanical compliance coefficient 
m =  mass, g
 
P =  Pressure, MPa 
V =  Volume, m
3 
excess
Nm  
=  N
th
 determines excess sorption point, mole/kg 
e
i  
=  Gas density after stabilisation of the reference and sample cell in step i. 
l
N  
=  cumulative gas leaked out of the sample cell, mole 
e
it  
=  time noted after equilibration 
f
it  
=  time noted after filling 
  
 
Subscripts 
                                      
c0   = empty cell 
g   = grain 
g     = glass beads 
s =  sample 
r =  reference 
m =  matrix
 
e =  equilibrium 
L = Langmuir 
i = initial 
m = matrix 
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Appendix A 
 
Critical Literature Review 
 
Table A-1 Milestones in CO2 storage in coalbeds study 
Source Year Title Authors Contribution 
SPE 12514 1985 
“Reservoir Engineering in Coal 
Seems: Part 1 – The physical 
Process of Gas storage” 
Gray, I. 
Observations made on mechanical properties of coal, 
gas storage and movement in coal seams. 
Fuel 65 
 
1986 
“Gas-induced Swelling in Coal” 
 
Reucroft, P.J., 
Patel, H. 
The information obtained was useful in the area of 
fossil fuel structure determination and the materials 
science of coal. 
 
SPE 20728 
 
1990 
“Measurement and Evaluation of 
Coal Sorption Isotherm Data” 
 
Mavor, M.J. 
This paper presents the use of the data, procedures for 
performing the measurements, a methodology for 
interpreting the experimental data for estimates of gas 
storage capacity and diffusion coefficients of the coal 
matrix, and isotherms obtained from a variety of coal 
samples. 
Journal of Physical 
and Chemical 
Reference Data 25 
1996 
“A New Equation of State for 
Carbon Dioxide Covering the Fluid 
Region from the Triple-Point 
Temperature to 1100 K at 
Pressures up to 800 MPa” 
Span, R., Wagner, 
W. 
Modern strategies for the optimization of the 
mathematical form of the equation of state were 
applied. 
Fuel 78 
 
1999 
“The effect of pore structure and 
gas pressure upon the transport 
properties of coal: a laboratory and 
modelling study. 1. Isotherms and 
pore volume distributions” 
 
Clarkson, C.R., 
Bustin, R.M. 
Utilized an integrated approach to the characterization 
of pore volume distribution for coals of varying 
composition to determine the effect of pore volume 
distribution upon high-pressure adsorption methane 
and carbon dioxide isotherms. 
 
Langmuir 19 2003 
“Adsorption of Methane, Nitrogen, 
Carbon Dioxide, and Their Binary 
Mixtures on Dry Activated Carbon at 
318.2 K and Pressures up to 13.6 
MPa” 
Sudibandriyo, M., 
Pan, Z. 
The data for CO2 are recommended as a reference 
data set for the evaluation of experimental 
apparatus/techniques for measuring high-pressure 
adsorption from supercritical gases. 
Delft University of 
Technology PHD 
thesis 
2005 
“Manometric Determination of 
Supercritical Gas Sorption in Coal” 
Van Hemert, P. 
The manometric method has been improved to provide 
accurate data of sorption of supercritical gas in coal. 
Rhenish-
Westphalian 
Technical 
University of 
Aachen PHD 
thesis 
2005 
“Thermodynamic and Kinetic 
Processes associated with CO2 
Sequestration and CO2 Enhanced 
Coalbed Methane Production from 
unminable Coal Seams” 
Busch, A. 
The present thesis investigates the thermodynamic and 
kinetic processes associated with gas sorption (CO2, 
CH4) on coal. 
International 
Journal of Coal 
Geology 69 
2007 
“Measurement and Interpretation of 
Supercritical CO2 Sorption on 
Various Coals” 
 
Siemons, N., 
Busch, A. 
This study provides an approach to account for the 
volumetric effects and, hence for the estimation of total 
sorption capacities. 
114790 2008 
“CO2 and Flue Gas Coreflood 
Experiments for Enhanced Coalbed 
Methane” 
 
Mazumder, S.; 
Wolf, K. H. 
Experiments carried out in this paper will be able to 
give an insight into the design of the injection system, 
management, control of the operations and the 
efficiency of an ECBM project. 
Energy Procedia, 
Volume 1 
2009 
“Matrix Shrinkage and Swelling 
Characteristics of European Coal” 
Durucan, S.; 
Ahsan, M.; Shi, J. 
Matrix deformation experiments performed on a range 
of coal types subjected to carbon dioxide and methane 
sorption. 
124348 2009 
“Permeability Variations in an Upper 
Freeport Coal Core Due to Changes 
in Effective Stress and Sorption” 
Jikich, S.; Smith, 
D. 
Laboratory experiments undertaken to develop a better 
understanding of stress-dependent permeabilities. 
Global Climate & 
Energy Project 
(GCEP) 
2009 
“Multi-Component Gas Adsorption 
on Coal” 
 
Harris, J.; 
Kovscek, A. R.; 
Orr, F. M. Jr.; 
Zoback, M. D. 
New experimental setup enabled authors to measure 
the total amount of adsorption, the composition of the 
adsorbed phase, the volume change of the core, 
together with the permeability of the core. 
The Journal of 
Supercritical Fluids 
47 
2009 
“Enhanced Coalbed Methane 
Recovery” 
 
Mazzotti, M.; Pini, 
R. R.; Storti, G. 
Review of the state of the art on fundamental and 
practical aspects of the technology and summary the 
results of ECBM field tests. 
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SPE 12514 (1985)  
Reservoir Engineering in Coal Seems: Part 1 – The physical Process of Gas storage 
 
Authors: Gray, I. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
This paper is useful as observations made on mechanical properties of coal, gas storage and movement in coal seams gives a 
better understanding of the mechanisms of gas storage in coal. 
 
Objective of the paper: 
 
To analyze the differences of coal seams in behavior from normal porous gas reservoirs in both the mode of gas storage and 
permeability characteristics. 
 
Methodology used: 
 
Observations of Australian coals 
 
Conclusion reached: 
 
The storage and permeability characteristics of coal seems require that an approach substaintianally different from that for 
conventional gas reservoirs be used to assess their performance. Of primary importance is the storage of gas within the coal. 
Associated with this gas storage within the coal structure is a change in coal volume. Shrinkage of the coal occurs on 
desorption, leading to effective stress reduction. This opposes the effective stress increase that would normally be expected 
with a lowering of fluid pressure. Because permeability is a function of effective stress, it may increase or decrease with stress 
changes associated with drainage. 
 
Comments: 
 
This paper provides information on difference between coal seams and gas reservoirs in terms of gas storage and permeability 
characteristics. 
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Fuel 65 (1986) 
Gas-induced Swelling in Coal 
 
Authors: Reucroft, P.J., Patel, H. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
The information obtained was useful in the area of fossil fuel structure determination and the materials science of coal. 
 
Objective of the paper:  
 
The main objective of the work is to develop molecular probes that can be used to determine the inherent surface and porosity 
of coal samples in the absence of swelling effects. 
 
Methodology used: 
 
Experimental observations 
 
Conclusion reached: 
 
Significant swelling or volume increase ranging from 0.36% to 1.31% was observed in a range of coal samples when they 
were exposed to carbon dioxide. Inert gases such as nitrogen and helium produce small contractions in the coal sample 
dimensions. Lower carbon content correlates with a higher degree of swelling. 
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SPE 20728 (1990)  
Measurement and Evaluation of Coal Sorption Isotherm Data 
 
Authors: Mavor, M.J. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
This paper presents the use of the data, procedures for performing the measurements, a methodology for interpreting the 
experimental data for estimates of gas storage capacity and diffusion coefficients of the coal matrix, and isotherms obtained 
from a variety of coal samples. 
 
Objective of the paper: 
 
To predict the release of gas from the reservoir as the pressure is reduced during production and the eventual gas recovery 
(reserves). A sorption isotherm is a laboratory measurement performed on a representative coal sample to determine the 
methane storage capacity as a function of pressure. 
 
Methodology used: 
 
Experimental observations 
 
Conclusion reached: 
 
An increase in the moisture content decreases the ability of the coal to store gas. 
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Journal of Physical and Chemical Reference Data 25 (1996) 
A New Equation of State for Carbon Dioxide Covering the Fluid Region from the Triple-Point Temperature to 1100 K 
at Pressures up to 800 MPa 
 
Authors: Span, R., Wagner, W. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
By applying modern strategies for the optimization of the mathematical form of the equation of state and for the simultaneous 
nonlinear fit to the data of all these properties, the resulting formulation is able to represent even the most accurate data to 
within their experimental uncertainty. 
 
Objective of the paper: 
 
To provide information on thermodynamic properties of carbon dioxide and present a new equation of state in the form of a 
fundamental equation explicit in the Helmholtz free energy. 
 
Methodology used: 
 
Optimization of the mathematical form of the equation of state 
 
Conclusion reached: 
 
Without a complex coupling to a scaled equation of state, the new formulation yields a reasonable description even of the 
caloric properties in the immediate vicinity of the critical point. At least for the basic properties such as pressure, fugacity, and 
enthalpy, the equation can be extrapolated up to the limits of the chemical stability of carbon dioxide. 
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Fuel 78, (1999) 
The effect of pore structure and gas pressure upon the transport properties of coal: a laboratory and modelling study. 
1. Isotherms and pore volume distributions 
 
Authors: Clarkson, C.R., Bustin, R.M. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
The current study utilizes an integrated approach to the characterization of pore volume distribution for coals of varying 
(organic and mineral) composition to determine the effect of pore volume distribution upon high-pressure adsorption methane 
and carbon dioxide isotherms. 
 
Objective of the paper: 
 
To determine the (equilibrium) adsorption/desorption properties and pore volume distributions of four lithotypes from the 
Cretaceous Gates Formation of Northeast B.C. in order to assess the effect of these properties upon adsorption rate behavior. 
 
Methodology used: 
 
Experimental observations 
 
Conclusion reached: 
 
1. Bright and banded bright (high-vitrinite, low ash) coals have a greater micropore volume than dull (low vitrinite-high 
ash) bituminous coals of equivalent rank, as determined from low-pressure carbon dioxide adsorption. This finding is 
consistent with previous laboratory investigations. 
2. Dull coals have a greater amount of mesoporosity than bright coals as assessed from nitrogen adsorption/desorption 
analysis. Nitrogen adsorption/desorption isotherms indicate a slit-shaped mesopore shape. 
3. Mercury porosimetry shows that the coals have a multimodal pore volume distribution. The banded bright coal (B2-
11) has a relatively large peak in the macropore range, possibly due to high amounts of semifusinite in the sample. 
4. High-pressure methane and carbon dioxide isotherms illustrate that bright and banded bright coals adsorb more gas 
than dull coals. 
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Langmuir 19, (2003) 
Adsorption of Methane, Nitrogen, Carbon Dioxide, and Their Binary Mixtures on Dry Activated Carbon at 318.2 K 
and Pressures up to 13.6 MPa 
 
Authors: Sudibandriyo, M., Pan, Z. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
The data for CO2 are recommended as a reference data set for the evaluation of experimental apparatus/techniques for 
measuring high-pressure adsorption from supercritical gases. 
 
Objective of the paper: 
 
To develop reliable models to predict the adsorption behavior of supercritical gases on coals, with specific applications to 
coalbed methane production and the use of coalbeds to store carbon dioxide. 
 
Methodology used: 
 
Experimental and modeling studies 
 
Conclusion reached: 
 
The ZGR EOS is shown to be capable of describing the pure-component data within their experimental uncertainties and the 
mixture data within 1−2 times the expected uncertainties. 
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Delft University of Technology PHD thesis (2005) 
Manometric Determination of Supercritical Gas Sorption in Coal 
 
Authors: Van Hemert, P. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
The manometric method has been improved to provide accurate data of sorption of supercritical gas in coal. Using the 
improved apparatus, the construction of a large database of sorption determinations has been initiated. 
 
Objective of the paper: 
 
To optimize the manometric method and investigate the accuracy of this method, to use the apparatus to obtain experimental 
data of the sorption of various gases in coal for various pressure and temperature conditions. 
 
Methodology used: 
 
Experimental observations 
 
Conclusion reached: 
 
1. The sorption of gas at equilibrium in Selar Cornish coal depends on pressure, temperature and the properties of the 
gas; 
2. The sorption and desorption isotherms of methane and nitrogen in Selar Cornish coal at 318 and 338 K show no 
hysteresis; 
3. More time than previously assumed is required to attain sorption equilibrium; 
4. The time required to attain sorption equilibrium in Selar Cornish coal depends on the temperature and the properties 
of the gas. 
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Rhenish-Westphalian Technical University of Aachen PHD thesis (2005) 
Thermodynamic and Kinetic Processes associated with CO2 Sequestration and CO2 Enhanced Coalbed Methane 
Production from unminable Coal Seams 
 
Authors: Busch, A. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
The present thesis investigates the thermodynamic and kinetic processes associated with gas sorption (CO2, CH4) on coal. It is 
incorporated into a research field which studies CO2 sequestration in combination with CO2 enhanced coalbed methane 
production in unminable coal seams. This combination is regarded as a viable and promising option to reduce anthropogenic 
CO2 emissions. 
 
Objective of the paper: 
 
To compare single and mixed gas sorption experiments, to investigate the kinetics of gas sorption on coal. 
 
Methodology used: 
 
Experimental observations 
 
Conclusion reached: 
 
1. The ratio of CO2/CH2 sorption capacities from single-gas measurements varies strongly and is not constant as stated 
in several previous studies. 
2. The sorption capacities of mixed-gases (CO2/CH2) cannot be calculated from single-gas experiments. 
3. The sorption rate for CO2 is always faster than for CH4. Sorption rates decrease as grain sizes and moisture contents 
increase and temperature decreases. 
4. The sorption kinetics can be described by a simple, semi-empirical 1st-order kinetic model under the assumption of a 
fast and a slow sorption process. 
5. Preferential adsorption of CO2 and preferential desorption of CH4 occurs, against general expectations, only in some 
instances and is dependent on coal properties. 
6. The preferential sorption from a CO2/CH4 gas mixture on coal varies widely and only shows minor trends with 
different ranks and maceral compositions. 
7. The source gas composition does not influence the preferential sorption behavior. 
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International Journal of Coal Geology 69 (2007) 229–242 
Measurement and Interpretation of Supercritical CO2 Sorption on Various Coals 
 
Authors: Siemons, N., Busch, A. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
This study provides an approach to account for the volumetric effects and, hence for the estimation of total sorption capacities. 
For the fitting procedure, one generalized correction factor for the volume increase was calculated for each coal sample and 
applied to the whole experimental pressure range. Generally, it was observed that coals containing water show a smaller 
volume increase than their corresponding dry samples and no specific trend with coal rank was observed. 
 
Objective of the paper: 
 
The objective of this paper is to assess the total CO2 equilibrium sorption capacity of natural coal samples as a function of 
pressure with a special focus on scCO2 conditions. 
 
Methodology used: 
 
Experimental observations 
 
Conclusion reached: 
 
1. Sorption measurements with CO2 on various coals have augmented the available data set in the literature. 
2. The data, partly measured at TU Delft and RWTH Aachen, show similar trends. 
3. The interpretation of the data requires a high resolution equation of state (EOS). The Span–Wagner EOS (Span and 
Wagner, 1996) appears to be adequate for our purposes. 
4. Both, the Langmuir and D–A model have been used to estimate several volumetric effects related to CO2 sorption on 
coal. With this volume correction the measured data show monotonous behavior except around the critical region. 
5. Small oscillations in the isotherms around the critical region are attributed to the variation in the adsorbed phase 
density near the critical point. 
6. The Langmuir mass for the total sorption isotherms is generally 20–44% higher than for the excess sorption 
isotherms. 
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SPE 114790 (2008)  
CO2 and Flue Gas Coreflood Experiments for Enhanced Coalbed Methane 
 
Authors: Mazumder, S.; Wolf, K. H. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
Experiments carried out in this paper will be able to give an insight into the design of the injection system, management, 
control of the operations and the efficiency of an ECBM project. 
 
Objective of the paper: 
 
 To analyze the influence of injection pressure and injection rate on the methane recovery, evaluate the influence of 
water on the CH4-CO2 exchange process in coal by conducting experiments under relatively dry and wet conditions. 
 To differentiate the effects of an alternate injection of a strong (CO2) and weak (N2) adsorbing gas. 
 To compare the breakthrough time of CO2 from different CO2 core flood experiments and compare the results of pure 
CO2 against flue gas flooding experiments. 
Methodology used: 
 
Experimental observations 
 
Conclusion reached: 
 
1. The CO2 mass balance shows that the solubility of CO2 in a coal is more pronounced than that for CH4. There is 
hardly any production of adsorbed methane from the coal. The flue gas experiments, with N2 as the main constituent 
can be considered as a N2 stripping experiment. In comparison to the six different components in flue gas, CO2 was 
the most adsorbed species. Significant reduction in the CO2 concentration was measured in the product gas. 
2. Comparison of the results for the Silesian Basin coal samples shows that moisture tends to reduce the preferential 
sorption of CO2. These effects are attributed to the affinity of both water and CO2 towards hydrophilic (e.g. 
hydroxylic, carbonylic, carboxylic) functional groups on the coal surface. 
3. The displacement of CH4 by CO2 in a tube suggests that mixing behaviour for low and high pressure conditions differ 
significantly. This indicates that different types of mixing occur. 
Comments: 
 
All experiments should be used to understand processes under that specific experimental condition. The stage for comparison 
can only be set when there is ample data available by repeating these experiments, so as to get a consistency in the parameters 
reported. 
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Energy Procedia, Volume 1, Issue 1, (2009) 
Matrix Shrinkage and Swelling Characteristics of European Coal 
 
Authors: Durucan, S.; Ahsan, M.; Shi, J. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
This paper is very useful as the matrix deformation experiments that were performed on a range of coal types subjected to 
carbon dioxide and methane sorption in order to better understand the CO2 injectivity and storage characteristics of coal. 
 
Objective of the paper: 
 
 To measure sorption induced volumetric changes in the coal matrix associated with variation in CO2 and methane gas 
pressure. 
 To evaluate the effects of matrix shrinkage and/or swelling due to gas sorption on the absolute permeability of 
different coals, and the impact that carbon dioxide injection could have on coal absolute permeability. 
Methodology used: 
 
Experimental observations 
 
Conclusion reached: 
 
1. A high-pressure membrane extractor cell was adapted in order to perform the tests, and sorption induced coal matrix 
swelling was successfully demonstrated.  
2. A positive correlation between CO2 matrix swelling and coal rank was observed, with the degree of swelling 
increasing with carbon content. 
3. The trend for methane swelling was less clear. Results have also shown that matrix swelling caused by Co2 injection 
have a severe impact on coal permeability. 
Comments:  
 
Matrix swelling and shrinkage experiments and simultaneous measurements of coal matrix swelling and permeability under 
CO2 injection were performed in order to better understand the CO2 injectivity and storage characteristics of coal. 
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SPE 124348 (2009)  
Permeability Variations in an Upper Freeport Coal Core Due to Changes in Effective Stress and Sorption 
 
Authors: Jikich, S.; Smith, D. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
This paper describes laboratory experiments undertaken to develop a better understanding of stress-dependent permeabilities 
of some Upper Freeport coal samples to helium, methane, and carbon dioxide. 
 
Objective of the paper: 
 
To test bituminous coal cores from the Upper Freeport formation, Marshall County, West Virginia in the Appalachian Basin. 
This coal has generated considerable interest, because of a current industry/DOE/NETL sponsored project to inject carbon 
dioxide into this seam for the purpose of developing and testing carbon sequestration. 
 
Methodology used: 
 
Experimental observations 
 
Conclusion reached: 
 
1. The coal sample was very heterogeneous, but the heterogeneities were qualitatively quite different from those of 
another sample taken from the same well and seam and less than three feet from it.  
2. The carbon dioxide sorption isotherm was accurately fit by the Langmuir equation.  
3. For all three fluids, the permeability decreased with increased confining pressure.  
4. The helium permeability exhibited hysteresis: when the confining pressure was reduced from larger values the 
permeability increased, but was smaller than it had been at the some confining pressure during previous increases of 
confining pressure.  
5. The equation, K 1/3 ~ ln p, which predicts that the one-third power of the permeability should depend linearly on the 
logarithm of either the confining or pore pressure, accurately described the helium permeability for decreasing 
confining pressures, but less well for increasing confining pressures.  
6. For the first increase of confining pressure (with helium), the permeability and effective cleat aperture decreased 
more rapidly than predicted by the model used.  
7. The equation, K 1/3 ~ ln p accurately described the effect of increasing confining pressures on permeability for 
methane, but less well for carbon dioxide. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Effect of Coal Properties on CO2 Storage Capacity in Coalbeds; Namayev, N. 2010                                                                                     28 
 
 
Global Climate & Energy Project (GCEP) (2009) 
Multi-Component Gas Adsorption on Coal 
 
Authors: Harris, J.; Kovscek, A. R.; Orr, F. M. Jr.; Zoback, M. D. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
This paper is useful as the new experimental setup enabled authors to measure the total amount (in moles) of adsorption, the 
composition of the adsorbed phase, the volume change of the core, together with the permeability of the core. 
 
Objective of the paper: 
 
To measure the permeability change of coal with the injection of different gases 
 
Methodology used: 
 
Numerical calculation and experimental observations 
 
Conclusion reached: 
 
1. Multi-component adsorption calculation is essential. Such calculations are not straight forward. 
2. Based on thermodynamics and pure adsorption isotherms, it is possible to conduct multi-component calculation. 
3. To implement the algorithms described in this paper, experiments of multi-component adsorption need to be 
conducted to collect the necessary data. 
4. The accuracy of the multi-component adsorption calculation relies on the correctness of the algorithm and the 
accuracy in calculating each term, for instance the accuracy of the pure adsorption isotherm and the accuracy of 
 
5. Experiments can be designed to measure adsorption, swelling, and permeability simultaneously. 
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The Journal of Supercritical Fluids 47 (2009) 
Enhanced Coalbed Methane Recovery 
 
Authors: Mazzotti, M.; Pini, R. R.; Storti, G. 
 
Contribution to understanding of CO2 storage in coalbeds: 
 
This work reviews the state of the art on fundamental and practical aspects of the technology and summarizes the results of 
ECBM field tests. These prove the feasibility of ECBM recovery and highlight substantial opportunities for interdisciplinary 
research at the interface between earth sciences and chemical engineering. 
 
Objective of the paper: 
 
To measure the permeability change of coal with the injection of different gases 
 
Methodology used: 
 
Numerical calculation and experimental observations 
 
Conclusion reached: 
 
Field tests supported by fundamental studies and reservoir simulations have shown that storage of CO2 into deep, unmineable 
coal seams with simultaneous recovery of CH4 is technically possible and environmentally attractive.  
 
Comments: 
 
This paper provides information on the state of the art on fundamental and practical aspects of the technology and summarizes 
the results of ECBM field tests. 
